Expression of the porin genes of Escherichia coli is regulated in part by the osmolarity of the growth medium. The process is controlled by the histidine kinase EnvZ and the response regulator OmpR. We have previously shown that phosphorylation of OmpR increases its affinity for the upstream regulatory regions of ompF and ompC. We now report that, in the presence of DNA, there is a dramatic stimulation in the level of phospho-OmpR. This effect is independent of the source of phosphorylation, i.e., stimulation of phosphorylation is observed with a small phosphorylating agent such as acetyl phosphate or with protein-catalyzed phosphorylation by the kinase EnvZ. The dephosphorylation rate of phospho-OmpR is affected only slightly by the presence of DNA; thus, the increased level is largely caused by an increased rate of phosphorylation. Stimulation of phosphorylation requires specific binding of DNA by OmpR. Occupancy of the DNA binding domain exposes a trypsin cleavage site in the linker, which connects the phosphorylation domain with the DNA binding domain. Our results indicate that when DNA binds in the C terminus, it enhances phosphorylation in the N terminus, and the linker undergoes a conformational change. A generalized mechanism involving a four-state model for response regulators is proposed.
A
ll organisms must communicate with their environment to survive. Two-component regulatory systems have emerged as a paradigm for adaptive responses. In its simplest form, a two-component system contains a sensor, a histidine kinase, and a response regulator, often a transcriptional activator. Changes in the environment result in phosphorylation of the sensor followed by transphosphorylation onto the response regulator. Adaptive responses controlled by two-component regulatory systems are diverse and include chemotaxis, fruit ripening, sporulation, and virulence gene expression in numerous pathogens (see ref. 1) .
The outer membrane proteins OmpF and OmpC in Escherichia coli are regulated in response to changes in the osmolarity of the medium (see ref. 2 for a recent review). At low osmolarity, OmpF predominates; at high osmolarity, ompF is repressed, and OmpC is the major porin in the outer membrane (3) . This process is controlled by the EnvZ͞OmpR two-component regulatory system (4) . EnvZ is a histidine kinase located in the inner membrane, OmpR is a cytoplasmic DNA binding protein (5) . The two proteins communicate via a series of phosphorylation and phosphotransfer reactions. EnvZ senses the osmotic environment and is autophosphorylated from intracellular ATP at His-243 (6, 7) . EnvZ-P phosphorylates OmpR at Asp-55 (8) , and phospho-OmpR (OmpR-P) binds to the upstream sites of the porin genes to regulate their expression (9) (10) (11) (12) . EnvZ also stimulates the dephosphorylation of OmpR-P, thereby controlling the concentration of cellular OmpR-P (11, 13) . Phosphorylation of OmpR results in an increase in its affinity for DNA (9, 14) , and recent studies indicate that this effect is 10-to 30-fold, depending on the binding site (15) .
There is accumulating evidence that OmpR also plays a global regulatory role, because it regulates genes in addition to the porin genes ompF and ompC. A specific mutation in envZ, V241G, results in a pleiotropic phenotype in which OmpR regulates additional genes outside of its normal repertoire, including phoA and phoE of the Pho regulon and lamB and malT of the maltose regulon (16) . OmpR modulates expression of genes in the flagellar operon flhDC (17) ; a fatty acid receptor gene, fadL (18) ; and the tripeptide permease TppB (19) . OmpR also activates transcription of the mcb operon in both exponential and stationary phases (20) . Recently, a mutation in ompR was implicated in the production of a biofilm phenotype in E. coli, resulting from curli fimbrial expression (21) ; ompR also plays a role in curli fimbrial expression in Salmonella typhimurium (22) . Mutations in ompR that result in attenuated virulence in mice have been reported in S. typhimurium (23) and Yersinia enterocolitica (24) . OmpR also affects Salmonellainduced filament formation (triggered by intracellular S. typhimurium) (25) , the ability of Salmonella to escape from macrophages (26) , and cell-to-cell spreading and epithelial-cell killing in Shigella flexneri (27, 28) . In Salmonella typhi, a cryptic porin ompS1, is regulated by OmpR (29) . Thus, in a wide variety of organisms, OmpR plays a central regulatory role in controlling gene expression.
OmpR is a bifunctional protein, containing an N-terminal phosphorylation domain (30) structurally similar to the chemotaxis protein CheY (31, 32) . The C-terminal domain contains a winged helix-turn-helix motif that binds DNA (33) (34) (35) . The two domains are connected to one another via an exposed Q linker (36) that is sensitive to proteolysis (37) . In this study, we report that DNA binding in the C-terminal region of OmpR stimulates phosphorylation at the N terminus. The effect of DNA binding is to change the conformation around the active site of phosphorylation at Asp-55. Evidence is also presented that the exposure of trypsin cleavage sites in the linker region is altered in conjunction with either phosphorylation in the N terminus or DNA binding in the C terminus, suggesting that the linker conformation changes as a result.
have been described in ref. 15 . Hitrap Desalt columns, NAP-5, and the Probe Quant columns were purchased from Amersham Pharmacia. N-terminal amino acid sequencing was performed by the Emory University Microsequencing Facility, Atlanta, GA. PyMPO {1-(2-maleimidylethyl)-4-[5-(4-methoxyphenyl)oxazol-2-yl]pyridinium methane sulfonate} was from Molecular Probes.
Purification of the OmpR Protein. OmpR was purified according to the method of Jo et al. (38) with the modifications described in ref. 15 and stored at 4°C in 20 mM Tris, pH 7.4͞5% (vol/vol) glycerol͞0.1 mM EDTA͞0.1 mM DTT. The protein was freshly dialyzed in the appropriate buffer before use.
Reverse-Phase HPLC of OmpR. Separation of OmpR-P from OmpR was performed as described (15) .
OmpR Phosphorylation and Dephosphorylation Reactions. OmpR was phosphorylated with acetyl phosphate as described (37) . Phosphorylation of OmpR with a truncated form of the kinase, EnvZ115 (6), was for 15 min, the peak of an experimentally determined time course, with conditions as described (39) . EnvZ115 does not localize to the inner membrane but contains all of the biochemical activities associated with the kinase (39) . For phosphorylation with MBP-EnvZ (14) , varying OmpR and MBP-EnvZ concentrations were incubated in a buffer containing (in mM) 5 ATP͞50 Tris⅐HCl, pH 7.6͞50 KCl͞20 MgCl 2 for 3 h at room temperature (RT). For the dephosphorylation studies, OmpR was phosphorylated with acetyl phosphate for 3 h as before. A sample of each phosphorylation reaction was chromatographed on C4 by using reverse-phase HPLC, representing 100% at the zero time point. Acetyl phosphate was removed by passage of the reaction over a NAP-5 gel filtration column. The removal of acetyl phosphate was confirmed in an assay for acetyl phosphate (40) . The absorbance of the fractions at 280 nm was measured, and the OmpR-containing fractions were pooled. At the times indicated, 50-l samples were removed from the reaction and chromatographed on C4 reversephase HPLC; the faster eluting peak corresponded to OmpR-P, as previously determined by mass spectrometry (15) . DNA Binding Assays. Electrophoretic mobility-shift assays were performed at RT by incubating 100 pmol of 32 P-labeled C1 oligonucleotide with 200 pmol of OmpR or OmpR-P for 3 h at RT. The binding reactions were performed in 25 l of 50 mM Na 2 HPO 4 , pH 8͞20 mM MgCl 2 and separated on a 6% acrylamide Tris͞borate͞EDTA gel.
Fluorescent Labeling of OmpR with PyMPO. OmpR (1 ml; 20 M) was reacted with a 50-fold molar excess of PyMPO in 40 mM Imidazole͞1 mM EDTA, pH 7.6 for 30 min at RT. PyMPO was resuspended in DMSO at approximately 10 mM; the concentration was determined spectrophotometrically. The products of the labeling reaction were separated by SDS͞12% PAGE.
Limited Proteolysis with Trypsin. A 36-bp double-stranded oligonucleotide corresponding to a C1 binding site (15) was incubated at RT with 50 g of OmpR for 30 min. The trypsin digest and the subsequent protein transfer were conducted as described (37) . The protein bands were excised from the blot, and the N-terminal sequence was determined by automated Edman degradation.
Results
Previously, we used fluorescence anisotropy to measure the apparent affinities of OmpR and OmpR-P to the ompF and ompC regulatory regions. Our findings indicated that phosphorylation of OmpR by acetyl phosphate had a 10-to 30-fold effect on its affinity for DNA (15) . It is predicted that the converse should also be true; thus, we investigated the effects of DNA binding on the OmpR phosphorylation reaction.
DNA Binding Stimulates OmpR Phosphorylation.
We developed a means of separating OmpR from OmpR-P by using reversephase HPLC on a C4 column (15) , which enabled us to quantitate the extent of phosphorylation in our DNA binding assay. To determine the effect of DNA binding on phosphorylation, we added the oligonucleotide C1 to the phosphorylation reaction. It was the highest affinity OmpR binding site that we had previously measured (15) . We observed that DNA binding stimulated OmpR phosphorylation by acetyl phosphate (Fig. 1 ). In the absence of C1 DNA, only 32% of the OmpR protein was phosphorylated after 120 min ( Fig. 1 A) , whereas, in the presence of C1 DNA, 94% of the OmpR protein was phosphorylated (Fig. 1B) .
Time Course of Stimulation of OmpR Phosphorylation by C1 DNA and
the Effect of C1 DNA on OmpR-P Dephosphorylation. In Fig. 2A , a time course of OmpR phosphorylation by acetyl phosphate in the absence and presence of C1 DNA is shown. The presence of C1 dramatically stimulates the steady-state level of OmpR phosphorylation ( Fig. 2 A, upper curve). The time required to phosphorylate 50% of the OmpR protein is 10 min in the presence of C1 DNA and 240 min in the absence of DNA. To determine whether the effect of DNA was caused by a stabili- Fig. 1 . The effect of C1 DNA on OmpR phosphorylation by acetyl phosphate. OmpR (7.5 M) was phosphorylated in a buffer described in Materials and Methods with 25 mM acetyl phosphate in 300 l for 120 min in the absence (A) or presence (B) of 15 M C1 DNA, and the products were isolated on C4 reverse-phase HPLC as described (15) . In A, 32% of the OmpR is phosphorylated compared with 94% in B. The percentage of the protein that is phosphorylated is determined by combining the areas of the two peaks (OmpR-P ϩ OmpR). The area under each individual peak, representing the fraction of either OmpR-P or OmpR, is expressed as a percentage of the total protein.
zation of OmpR-P by slowing dephosphorylation, we also examined the effect of C1 DNA on the rate of OmpR-P dephosphorylation after removal of acetyl phosphate by gel filtration (Fig. 2B ). The dephosphorylation rates differ by only 2-fold. The presence of C1 DNA does not greatly stabilize the phosphoprotein, and OmpR-P dephosphorylates at nearly the same rate whether DNA is present or absent. Thus, the presence of C1 DNA stimulates the rate of phosphorylation of OmpR. The most straightforward interpretation of this result is that DNA binding in the C-terminal domain of OmpR alters the conformational state of the active site of phosphorylation in the N-terminal domain and makes it a better substrate for phosphorylation. Alternatively, OmpR may exist in two conformations: one that is readily phosphorylated, the other that is phosphorylated only very slowly. Binding to DNA shifts the distribution, favoring the form that is more readily phosphorylated.
Stimulation of OmpR Phosphorylation by DNA Requires Binding of
Specific DNA. We determined whether the presence of a specific DNA binding site is required to stimulate phosphorylation or whether nonspecific interactions are involved (Table 1 ). In the presence of an F1 or C1 binding site, stimulation of OmpR phosphorylation occurs. An F1 or C1 half-site is unable to stimulate phosphorylation. Nonspecific DNA, such as a pstS oligonucleotide containing a PhoB binding site (to which OmpR does not bind), does not stimulate phosphorylation ( Table 1) . Stimulation of phosphorylation is observed only with the highaffinity sites F1 and C1 or in compound sites that contained the high-affinity sites. Low-affinity sites do not stimulate phosphorylation. The upstream binding site F4 has been difficult to characterize; however, recently, we have been successful in measuring saturable binding of both OmpR and OmpR-P to F4 by using fluorescence anisotropy (V. Tran and L.J.K., unpublished results). Under the conditions in which DNA binding stimulates phosphorylation, the DNA is indeed bound, as indicated by a shifted band in an electrophoretic mobility-shift assay (Fig. 3) .
OmpR Phosphorylation in the Presence of DNA Inhibits PyMPO Labeling. Because DNA binding alters the phosphorylation site, it is likely that there are more extensive changes that occur throughout the OmpR protein as a consequence of DNA binding. It might also affect the exposure of the lone cysteine in OmpR OmpR-P dephosphorylation. OmpR is phosphorylated as described for A, and after 180 min, the acetyl phosphate is removed by gel filtration. OmpR-P is monitored via C4 reverse-phase HPLC, and this value represents 100% at time zero. OmpR-P is plotted in the presence (triangles) and absence (circles) of C1 DNA at the times indicated. The role of individual binding sites in stimulating OmpR phosphorylation by acetyl phosphate. In the first column, the oligonucleotides present during the phosphorylation reaction are listed. In the second column, OmpR-P is expressed as a percentage of the total OmpR protein present in the reaction, as determined by C4 reverse-phase HPLC. The third column shows the stimulation caused by the presence of DNA. Phosphorylation was for 3 h as described in Materials and Methods, and the oligonucleotides were present at a 2-fold molar excess in the presence of 10 M OmpR.
located near the site of phosphorylation. We examined the reactivity of Cys-67 with the fluorescent maleimide PyMPO in response to phosphorylation and the presence of C1 DNA (Fig.  4) . In the presence of C1, there is a stimulation of OmpR labeling by PyMPO (Fig. 4 , compare lane 2 to lane 1). When OmpR is phosphorylated before labeling, there is a decrease in PyMPO labeling (Fig. 4, lane 3) . When the concentration of OmpR-P is increased by binding to C1 DNA, significantly less OmpR is labeled (Fig. 4, lane 4) . Labeling with PyMPO before incubation of OmpR with acetyl phosphate decreased phosphorylation to 27% as determined by C4 HPLC (data not shown).
DNA Binding Stimulates OmpR Phosphorylation by EnvZ.
We determined whether stimulation of OmpR phosphorylation is observed when phosphorylating with EnvZ or whether it is merely a result of phosphorylating with small-molecule phosphorylating agents such as acetyl phosphate. We performed the phosphorylation reaction by using the kinase EnvZ-P, generated via phosphorylation from ATP. For these experiments, we used either a fusion protein, MBP-EnvZ (14) , or an N-terminal truncated form of EnvZ, EnvZ115 (6, 39) . Clearly, DNA binding stimulates OmpR phosphorylation by both the phosphodonor acetyl phosphate and the kinase EnvZ-P (Table 2) . At low concentrations of the kinase or with acetyl phosphate, there is approximately a 2-fold stimulation of phosphorylation in the presence of DNA. Higher concentrations of the kinase further stimulate OmpR phosphorylation when DNA is present.
C-Terminal DNA Binding Causes a Conformational Change in the Linker
Region. We used limited proteolysis with trypsin to identify conformational changes in OmpR resulting from phosphorylation (37) . Phosphorylation of OmpR protects a cleavage site in the linker region. We observed three N-terminal proteolytic fragments of OmpR (labeled I, II, and III in Fig. 5 ; see also ref. 37 ). When OmpR was phosphorylated, only N-terminal fragments I and II were observed. The protected cleavage site mapped to the C terminus of the linker region (37) . Because DNA binding stimulates OmpR phosphorylation, it was of interest to examine the trypsin cleavage pattern of OmpR in the presence of DNA (Fig. 5, lanes 3 and 4) . Digesting OmpR with trypsin in the presence of C1 DNA produces a new fragment (labeled QANEL) that is not observed in the absence of DNA (Fig. 5, lanes 1 and 2) . This fragment is the result of cleavage at Arg-122. It maps to the N terminus of the linker region. The appearance of the QANEL fragment was also observed in the presence of F1 DNA (data not shown). Thus, when the Cterminal domain of OmpR binds to DNA, it exposes a trypsin cleavage site in the N terminus of the linker.
Discussion

DNA binding in the C-terminal domain of OmpR stimulates
OmpR phosphorylation in the N terminus. The stimulation is caused largely by a stimulation in the OmpR phosphorylation rate, and only a minor effect of DNA is observed on OmpR-P dephosphorylation ( Figs. 1 and 2) . Stimulation of OmpR phosphorylation by DNA requires specific DNA; a PhoB binding site does not stimulate, nor do F1 or C1 half sites ( Table 1 ). The DNA that stimulates phosphorylation is bound to OmpR (Fig. 3) .
The simplest interpretation of our results is that DNA binding in the C terminus changes the conformation of OmpR to make the N terminus a better substrate for phosphorylation. This change could result from a localized effect that would merely alter the reactivity of the phosphorylated residue, Asp-55. Alternatively, DNA binding could drive a conformational change affecting the phosphorylation site and result in a more global change in the OmpR molecule. Because we observe stimulation of OmpR phosphorylation by both acetyl phosphate as well as the kinase EnvZ, the latter interpretation seems to be the more likely one. 44 M EnvZ115 (bottom row), as described in Materials and Methods. OmpR-P is expressed as a percentage of the total OmpR protein present in the reaction, as determined by reverse-phase HPLC on a C4 column in the absence of C1 DNA (ϪC1) and in the presence of a 2-fold molar excess of C1 DNA (ϩC1). The degree of stimulation by C1 DNA is listed in the third column. The values shown in the table represent the means of duplicate samples, and the variation among duplicates was less than 10%.
In the presence of binding sites for which unphosphorylated OmpR can bind with reasonably high affinity (K d Ͻ 200 nM or so), OmpR binds, and phosphorylation is stimulated. These include F1, C1, F4, and the complex sites F1-F2-F3 and C1-C2-C3 (Table 1) . At sites such as F2, F3, C2, or C3, unphosphorylated OmpR does not bind, and OmpR-P binds only with low affinity (K d ϭ Ϸ300 nM; ref. 15) . When only these low-affinity sites are present, OmpR must first become phosphorylated and then bind, and the presence of a low-affinity binding site does not stimulate OmpR phosphorylation further.
Fluorescent labeling of OmpR at Cys-67 inhibits phosphorylation at Asp-55, and phosphorylation at Asp-55 eliminates labeling at Cys-67. This exclusion is especially apparent in the presence of DNA, which results in a high level of OmpR-P and no labeling at Cys-67 (Fig. 4) . Labeling with PyMPO at Cys-67 results in an uncoupling of phosphorylation from DNA binding. Furthermore, it suggests that the conformational change associated with phosphorylation is transmitted in part to the DNA binding domain via ␣-helix 3 (where Cys-67 is located).
OmpR is a bifunctional protein consisting of an N-terminal phosphorylation domain and a C-terminal DNA binding domain, joined by a flexible linker that is protease sensitive. The linker seems to be sensitive to both the phosphorylation status and the DNA binding domain occupancy. When OmpR is phosphorylated, a trypsin cleavage site in the linker is protected ( Fig. 5 ; ref. 37) , and when DNA is bound, a new cleavage site is exposed (Fig. 5) . It may be that the linker undergoes a major structural change such as a helix-to-coil transition in response to either phosphorylation or DNA binding. Because the linker represents only 6% of the total protein, this mechanistically important structural change would be difficult to detect by low-resolution structural methods such as circular dichroism, but it is readily resolved by proteolytic analysis. It is unclear whether the linker functions as a signal transducer, actively communicating between the phosphorylation domain and the DNA binding domain in response to those signals. It may have only a passive role, changing its conformation when the two domains shift their relative interfaces. Alternatively, OmpR proteinprotein interactions resulting from phosphorylation or DNA binding may result in an intermolecular reaction, causing the linker conformation to change.
In the crystal structure of another two-domain response regulator, NarL, the linker region is not discernible, suggesting that it is disordered. Access to the recognition helix of the C-terminal DNA binding domain is sterically blocked by the N-terminal phosphorylation domain (41) . Phosphorylation in the N terminus of NarL must alter the exposure of the DNA binding domain to allow DNA binding. This inhibition does not occur with OmpR. In our previous study with limited proteolysis, we observed that the exposure of trypsin cleavage sites in the DNA binding domain was not affected by OmpR phosphorylation (37) . Deletions within the 16-aa linker region of NarL inhibit the ability of NarL to activate a narG::lacZ fusion (M. Jarvis and R. P. Gunsalus, personal communication). Activation was more sensitive than repression (of a frdA::lacZ fusion) to deletions in the NarL linker. In order for the C-terminal recognition helix to bind to DNA (helix 9), it must rotate away from the N-terminal domain. It seems likely that the linker region is involved in this process.
With the two-domain response regulator CheB, phosphorylation in the N terminus stimulates methylesterase activity in the C terminus. In the absence of phosphorylation, the methylesterase is inhibited (42) . The two domains are connected by an 18-residue linker that, except for a short helical turn of 4 residues, does not exhibit secondary structure (43) . Mutations that enhance methylesterase activity in the absence of phosphorylation have been isolated, and seven of eight of the substitutions map to this linker region (44) .
Clearly, OmpR reacts differently from the response regulators NarL and CheB. In the absence of phosphorylation, the Cterminal domains of CheB and NarL are inhibited. In the absence of phosphorylation, OmpR binds DNA but with lower affinity (15) . The C-terminal domain of OmpR is not inhibited by its N-terminal domain. These differences among two domain response regulators may indicate interesting differences in their linker regions. Perhaps the OmpR linker is more flexible compared with CheB and NarL, permitting low-affinity DNA binding in the absence of phosphorylation.
We can represent OmpR as an equilibrium mixture of four distinct states (Fig. 6) . Phosphorylation shifts OmpR into the active conformation (Fig. 6B ) that binds DNA with high affinity (Fig. 6D) . In the absence of phosphorylation, OmpR binds to DNA with low affinity (Fig. 6C) . In this work, we show that when OmpR is bound to DNA, it stimulates phosphorylation (the C-to-D transition). DNA binding lowers the energy required for phosphorylation and vice versa. Genetic approaches have resulted in the isolation of mutations that can be interpreted as affecting these equilibria (see legend to Fig. 6 ).
The equilibria among four states may be a general mechanism of response regulators, whether they are two-domain proteins or not. Silversmith and Bourret (45) have identified four states of CheY based on genetically separable steps in the activation and The DNA-bound forms of OmpR. Relevant mutants are shown next to the arrows denoting the equilibria that seem to be affected by the substitution. The OmpR mutant K105R (C) binds to DNA with an affinity similar to unphosphorylated OmpR, but the mutant is not stably phosphorylated (15) . DNA-binding mutants shown are E96A and R115S (48) . They can be phosphorylated by EnvZ-P; however, they do not bind ompF and ompC, and they have an F Ϫ C Ϫ phenotype. The DNA binding mutants T162I, R182L, S200F, T224I, and G229S (49) and the doublemutant M211V͞V212A (50) are defective in binding. Their ability to be phosphorylated has not been determined but is presumed to be unaffected by the mutation or mutations. The V203M mutant is affected in binding at ompC and at some ompF sites, and its phenotype is F c C Ϫ (51) (52) (53) . Surprisingly, phosphorylation by acetyl phosphate of this mutant is inhibited (V. Tran and L.J.K., unpublished results), and it is therefore shown locked in the A͞C position. The constitutively active mutants Y102C (54), T83A, and G94S (55) bind DNA with high affinity in the absence of phosphorylation. The activation mutants S181P (49), P179L, A196V, E198K, R42C͞H (56) , and E193K (52) bind but cannot activate transcription and are presumed to be defective in their ability to interact with RNA polymerase. Note that the linker is represented as being in a different conformation in each of the four states. N ϭ N terminus; C ϭ C terminus, P ϭ phosphoryl group.
inactivation of clockwise signaling. In each case, the four states correspond to the combinations of phosphorylated and unphosphorylated, active and inactive conformations. With CheY, the active conformation results in clockwise signaling; in the case of OmpR, the active conformation binds DNA. When we compare the four OmpR states with those of CheY, interesting differences emerge. CheY mutants K109R and T87I are phosphorylated but fail to cause clockwise flagellar rotation (B). The analogous OmpR mutant K105R (C) binds to DNA with an affinity similar to unphosphorylated OmpR, but the mutant is not stably phosphorylated (15) . It seems that in this mutant, the A º B and the C º D equilibria are both pushed to the left, i.e., toward dephosphorylation. The CheY mutant D13K is like the constitutively active mutants Y102C, etc., because it puts the protein in the active conformation in the absence of phosphorylation (i.e., it affects the A º C equilibrium; refs. 46 and 47). The OmpR mutant T83I has not been characterized.
Previously, we have shown that OmpR phosphorylation stimulates DNA binding (A 3 B 3 D; ref. 15 ). In the present work, we show that DNA binding greatly stimulates OmpR phosphorylation (C 3 D Ͼ Ͼ A 3 B). Thus, under our conditions, the favored pathway is A 3 C 3 D. We have also shown that dephosphorylation of OmpR-P is not affected greatly by DNA binding (i.e., B 3 A Х D 3 C). Analysis of the factors affecting the equilibria among the states of this four-state model and the effects of mutants on them will lead to a more systematic description of the role of response regulators in cellular signaling.
Because phosphorylation of OmpR stimulates DNA binding, it follows that DNA binding should stimulate phosphorylation. We have shown that this principle holds for the response regulator OmpR, and it is anticipated to be a general mechanism for other response regulators that are also transcription factors. At a cellular concentration of 1 M OmpR and binding affinities for unphosphorylated OmpR of 85-300 nM (15) , the possibility exists that unphosphorylated OmpR is bound to the ompF and ompC regulatory regions in vivo. Our results suggest that response regulators may be phosphorylated while bound to their target DNA.
